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antibody response specificity and our work is the first to analysed the global Tfol TCR 34 repertoire in wild type mice. This allowed us not only to portray the overall global structure of 35 these repertoires, but also to substantiate the fact that Tfr cells respond to self-antigen while 36
Tfh cells respond to non self-antigen, a still controversial issue. Importantly, our work revealed 37 an unexpected bystander activation of Tfol cells. We think and discuss that it has a general 38 significance in immune responses and possibly immunopathologies. 39
40

INTRODUCTION 41
The germinal centre (GC) is an essential structure for the activation of B cells and the 42 generation of high-affinity antibodies providing a humoral protection against pathogens (1, 2) . 43 Follicular helper (Tfh) cells promote the differentiation and activation of B cells into plasma 44 cells, enabling antibody production (3, 4). In contrast, the recently discovered T follicular 45 regulatory (Tfr) cells (5-7) inhibit this GC reaction, therefore reducing antibody production, in 46 humans(6) and mice (7). Tfr also promote high-affinity antibodies, as mainly low-affinity 47 antibodies were detected in the absence of Tfr (8, 9). In addition, Tfr are increased in infectious 48 diseases with insufficient antibody production (10-13). Contradictory results have been found 49 so far in autoimmune diseases, where Tfr are either increased or decreased (14-17). Their 50
suppressive effect on Tfh and GC B cells is associated with the expression of CTLA-4 (18, 19). 51
We recently showed that Tfr control Tfh by IL-1 deprivation (20). This unknown mechanism 52 was revealed after redefining Tfr phenotype as CD4 + CXCR5 hi PD1 hi Foxp3 -CD25 -(20), as 53 reported by others (21). Most studies on Tfr were performed on 54 CD4 + CXCR5 + PD1 + Foxp3 + CD25 + (22) cells, which we found to be enriched in conventional 55 regulatory T cells (20) . Therefore, those recent observations highlight the need to revisit many 56 aspects of Tfr cell biology as previous studies might have reported results from a mixture of 57
Tfr cells and regulatory T cells (Treg cells) (20). 58
Two such aspects are Tfr specificity and origin. It is believed that to activate B cells, Tfh cells 59 must recognize the same antigen as the B cells they help (23, 24). Several studies based on 60 peptide-class II major histocompatibility complex (pMHC-II) tetramers (25, 26) or ELISPOT 61 assays (27) established that Tfh cells are specific for peptides of the immunizing antigen. 62
However, contradictory results have been obtained for Tfr cells. A recent study addressed this 63 issue by comparing the T cell repertoires after immunization with the myelin oligodendrocyte 64 glycoprotein (MOG) in wild-type and MOG knock-out mice. MOG is a self-antigen in the former 65 and a non-self antigen in the latter. In both conditions, Tfr specific for the immunodominant 66 peptide of MOG assessed by tetramers were identified, indicating that independently of the 67 self or foreign nature of the immunizing antigen, Tfr cells could be specific for it (28). They also 68
showed that Tfh cells share with Tfr cells TCRs specific for the immunizing antigen (28), 69
suggesting that Tfr cells can differentiate from naïve helper T cells. In contrast, in a previous 70 study using high-throughput sequencing (HTS) in immunized mice with a fixed TCR β chain, we 71 reported oligoclonal expansion in Tfh cells and a broad TCR usage in Tfr cells from the same 72
GCs (29). In addition, only Tfh specific for the immunizing antigen were found in draining 73 lymph nodes, not Tfrs, and the Tfr repertoire was closer to Treg than to Tfh, suggesting a Treg 74 origin. However, all these results (28, 29) were obtained with CD4 + CXCR5 hi PD1 hi Foxp3 + CD25 + 75 "Tfr" cells. Therefore, the observed TCR repertoire diversity and composition was probably 76 that of a mixture of TCRs derived from Treg and Tfr cells. 77
In these previous studies, it should be noted that Tfr cell specificity was studied either (i) with 78 tetramers that assess only limited specificities (28) or (ii) using HTS in TCR-transgenic mice 79 with a biased repertoire (29 amounts of the scarce Tfr-cell population, cells were purified from pools of six to eight mice 92 (later named "individuals") receiving the same treatment. We generated three pools of mice 93 immunized intraperitoneally with OVA in alum, three pools of mice immunized with insulin 94 (INS) in alum and two pools that were not immunized in order to study cells at homeostasis. 95
Finally, we massively sequenced T-cell mRNA from sorted Tfr-, Tfh-, Teff-and Treg-cell subsets 96
97
Tfol cells have a lower diversity than non-Tfol cells 98
We first analyzed the TCR diversity of the four cell subsets in the three immunization settings. 99
Sequence and clonotype numbers obtained for all samples are provided in Supplementary 100 Table S1 for reference. Rarefaction curves (Fig. 1A) (Fig. 1B) . This marked difference between Tfol and non-Tfol cells, which is more 112 pronounced than the one evidenced by rarefaction curves, suggests that there are important 113 Tfol-cell samples, as exemplified for representative TRBVs (Supplementary Fig. S1 ). 127
Altogether, these results suggest that the global characteristics of the Tfh-and Tfr-cell 128 repertoires are similar and that both subsets have a skewed diversity compared to non-Tfol 129
cells. 130 131
TRBV but not TRBJ genes are differentially used by the four cell populations 132
We performed a principal component analysis (PCA) of TRBV ( Fig. 2A) and TRBJ ( Fig. 2B) gene 133 frequencies. Strikingly, the first component (PC1) of the PCA using TRBV gene frequencies ( between Tfh and Tfr cells (Fig. 2D, Supplementary Fig. S2 ). Hierarchical clustering of TRBVBJ 150 frequencies ( Fig. 2E ) also showed Teff and Treg cell co-clustering. In contrast, Tfol cells do not 151 cluster together but are just separated from non-Tfol cells. This suggests heterogeneity among 152
Tfol-cell samples. 153
Since samples originated from mice undergoing different immunization protocols, we 154 independently computed the MH similarity matrix between samples from mice immunized 155 with either INS (Fig. 2F) or OVA (Fig. 2G) . Similar observations were made. 156
In order to understand whether the difference of TRBV and TRBVBJ usage between samples 157 on PCA was due to major changes in TRBV usage at the individual level, we plotted the 158 frequencies of TRBV genes of the four subsets and observed no major differences except for 159 TRBV31 gene expression, which was overexpressed in Tfol cells (Fig. 2H) . We confirmed these 160 observations in all our samples (Fig. 2I) . This further demonstrates a peculiar TRBV repertoire 161 in Tfol vs. non-Tfol samples. 162
163
The clonotype distribution is different among the four cell populations 164
We further analyzed the data by exploring the diversity at the clonotype level. The projection 165 of clonotype frequencies by PCA was performed on clonotypes shared by at least five samples 166 to reduce noise due to private clonotypes. Tfol cells are well separated from non-Tfol cells on 167 PC1 (34%). Strikingly, in contrast with our observations on the TRBVBJ usage, we observed 168 that Tfh and Tfr cells are remarkably close to each other, while Teff and Treg cells are rather 169 well separated (Fig. 3A) . When focusing on Tfh and Tfr cells only, their differences were 170 revealed. The two subsets are separated on the first two components with a PC1 of 26%, 171
suggesting that the two subsets are close in Figure 3A because they have similar overall 172 characteristics compared to non-Tfol cells, but are in fact different at a closer clonotype level 173 (Fig. 3B) . As expected, PCA also well separated Treg and Teff cells (Fig. 3C) . 174 175
Tfr and Tfh cells have distinct repertoires 176
We first compared the clonotype composition of Tfr and Tfh cell repertoires irrespective of 177 the immunization. We ordered all clonotypes of a given Tfr-cell sample by decreasing 178 frequency and selected the 250 predominant clonotypes. For each of the 8 Tfr samples, we 179 evaluated the frequencies of these 250 clonotypes in each of the seven other Tfr cell (or Tfh 180 cell) samples and calculated a mean frequency of these 7 values (Fig. 4A) . We plotted these 181 means for each of the eight available samples (Fig. 4B) . We used the same methodology with 182
Tfh cell predominant clonotypes (Fig. 4C) . Results showed that, irrespectively of immunization, 183 clonotypes found predominantly in Tfr cells are also found in higher proportions in other Tfr-184 cell samples than in Tfh-cell samples (Fig. 4B) . Conversely, clonotypes predominantly found in 185
Tfh cells are mostly shared with other Tfh-cell samples rather than with Tfr-cell samples (Fig.  186 
4C). 187
We then performed a similar analysis for comparing the response to specific immunization. (Fig. 4D) . A similar analysis was performed for Tfr samples 193 from OVA immunized mice (Fig. 4E) . Results showed that frequent clonotypes from Tfr cells 194 of mice immunized with INS are found in higher proportions in other Tfr-cell samples from 195 mice immunized with INS than in the other Tfr-cell or Tfh-cell samples (Fig. 4D) . This 196 phenomenon was not observed for Tfr cells of mice immunized with OVA (Fig. 4E) suggesting 197 that within the global repertoire a Tfr-self-antigen specific response can be detected. 198
Conversely, Tfh cell major clonotypes were similarly found in Tfh cells regardless of the 199 immunizing antigen (Fig. 4F-G Fig. 5C-D) . 210
Finally, we then attempted to reveal similarities between repertoires at a less stringent level 211 using "grouping of lymphocyte interactions by paratope hotspots" (GLIPH) that clusters TCRs 212 with a high probability of recognizing similar antigens owing to either conserved motifs of 2 213 to 4 amino-acids and/or global similarity of complementarity-determining region 3 (CDR3) 214 sequences(31). The majority of motifs shared by the 3 Tfr samples of mice immunized by INS 215 were found into those shared by Tfr samples from mice immunized by OVA or from non-216 immunized mice (Fig. 6A) . The same observation was made for Tfh cells (Fig. 6B) . (Fig. 7A) . 223
These observations are confirmed by the analysis of clonotypes sharing at the individual level. 224
Those of the 250 predominant clonotypes of Treg cells present in Tfr or Tfh cells represent an 225
approximately 5 times higher percentage of the repertoire of Tfr than Tfh cells, with numerous 226 expanded clonotypes (Fig. 7B-C) . Similarly, those of the 250 predominant clonotypes of Tfr 227
cells present in Treg or Teff cells represent a higher percentage of the repertoire of Treg than 228
Teff cells (Fig. 7D-E) . 229
230
DISCUSSION 231
Tfh and Tfr cells have a higher TCR diversity than expected 232
Tfol cell TCR repertoires are less diverse than those of non-Tfol cells (Fig. 1) Instead, we found thousands of sequences in every Tfh-and Tfr-cell sample (Fig. 1) , a point 240 that was missed by analyzing Tfh cells purified using tetramers (28) sharing likens the Tfr cell repertoire to the Treg-cell repertoire (Fig. 7) . This provides an 283 indication of the origin of Tfr cells. Indeed, it should be more difficult to mimic a repertoire 284 than a phenotype. The follicular phenotype has been shown to be mainly dependent on the 285 expression of Bcl6, and is thus triggered by the expression of this unique molecule (7, 35, 36) . 286
In contrast, major sharing in a repertoire is dependent on many complex processes, from cell 287 selection in the thymus to the dynamics of post-thymic cells. Thus, the fact that two subsets 288 This bystander effect could be evidenced because follicular cells (i) are terminally 295 differentiated cells found in a highly specialized structure that should contain only cells 296 responding to the immunization, and (ii) can be unambiguously identified and purified. While 297 we are often biased to detect and focus on antigen specific responses, we believe that such a 298 bystander activation could be a more general phenomenon in the T cell response to antigens. 299
It is now becoming clearer that in addition to specificity, there is an extraordinary fuzziness 300 and plasticity in the immune system, which needs to be taken in consideration. Actually, 301 
